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(Received 1 May 2002; published 17 December 2002)272701-1The mechanism for the large suppression of complete fusion in the 9Be 208Pb reaction has been
investigated through measurement of sub-barrier breakup of 9Be. Excluding breakup through the 8Be
ground state, whose lifetime is too long, a prompt breakup component remains, having sufficient
probability to explain the observed suppression of complete fusion. This appears to be associated with
interactions at the nuclear surface. The fusion suppression is predicted to be almost proportional to the
charge of the target nucleus, making it most significant in reactions with heavy nuclei.
DOI: 10.1103/PhysRevLett.89.272701 PACS numbers: 25.70.Jj, 25.70.Mntion is suppressed. the event appeared in a distinct group in the E EFusion with radioactive nuclei allows the formation and
study of the properties of nuclei inaccessible through the
use of stable isotopes. For fusion to occur, the fusion
barrier resulting from the sum of the repulsive Coulomb
and attractive nuclear potentials must be overcome. Mea-
surements of fusion cross sections can thus give informa-
tion on the nuclear potential, expected to extend to large
radii for very weakly bound nuclei. However, the weak
binding also results in breakup, and the effects of this on
fusion must also be accounted for [1,2].
Studies with weakly bound stable nuclei [3,4] currently
allow more precise and extensive experimental measure-
ments. For the reaction of the nucleus 9Be with 208Pb,
precision data showed [3] that complete fusion, defined as
absorption of all the charge of the projectile, is signifi-
cantly suppressed. This was attributed to the low binding
energy of 9Be, which breaks up into charged fragments:
9Be!   n, Q  1:57 MeV; 9Be!  5He,
Q  2:47 MeV. Cross sections at above-barrier ener-
gies were only 0:68 0:07 of those calculated with a
barrier-passing model, constrained to reproduce the mea-
sured [3] fusion barrier energy of Ec:m:  38:3
0:3 MeV. The missing yield was found [3] in incomplete
fusion products, where only one  particle had fused.
A recent model [5] showed qualitatively that coupling
to channels leading to breakup enhances fusion below the
fusion barrier, but suppresses it above. However, realistic
modeling of the effect of breakup on fusion is extremely
complex, requiring incorporation of excitation mecha-
nisms, breakup lifetimes, subsequent motion of the frag-
ments, and probabilities of absorption of one or both
fragments. Such a model will be needed to interpret
future measurements of fusion with weakly bound radio-
active nuclei. Isolation of the breakup itself from the
probability of fragment capture simplifies the problem.
This can be achieved experimentally by measuring
breakup at sub-barrier energies, where fragment absorp-0031-9007=02=89(27)=272701(4)$20.00 In this Letter it is shown that (i) prompt breakup of 9Be,
which can affect the fusion process, is easily separated
experimentally from the long-lived 8Be ground-state
breakup; (ii) the dependence of the breakup probability
on the separation of the two nuclei can be directly ob-
tained from the breakup differential cross sections;
(iii) the sub-barrier prompt breakup probabilities, when
extrapolated to the smaller separation distances at above-
barrier energies, appear to be large enough to explain the
measured fusion suppression.
Beams of 9Be with energies from 30 to 40 MeV,
from the 14UD electrostatic accelerator at the Austra-
lian National University, bombarded a target of 208Pb,
420 g cm2 in thickness evaporated onto a
15 g cm2 natC backing, and also a 1:0 mg cm2 self-
supporting natPb target. Because of the C backing, and a
proportionately thicker oxide layer, the 208Pb target gave
more  particles from low-Z contaminants, and thus
the data presented come largely from the natPb target.
Measurements were also made with C and 7LiO2 targets
to allow estimation of the contaminant -particle spectra.
Three rectangular detector telescopes comprising 69 m
and 500 m thick Si surface barrier detectors [6], gave
particle energies and identification. Each detector sub-
tended 6:3 (in-plane) by 1:4 with respect to the
center of the detector. Measurements were made from
70 to 172 at 30, 34, and 36 MeV, and from 120 to
172 at 32, 38, and 40 MeV. Normalization of the cross
sections was achieved using monitor detectors at 15,
together with Rutherford scattering measurements at
lower energies.
Breakup of the projectile-like nucleus results in two 
particles, which are kinematically focused inside a cone,
due to their common source [7]. The limited detector
angular acceptance meant that usually only one of these
was detected, thus contributing to the -singles spec-
trum. When both alphas entered a detector (doubles),2002 The American Physical Society 272701-1
VOLUME 89, NUMBER 27 P H Y S I C A L R E V I E W L E T T E R S 30 DECEMBER 2002matrix, having a E signal and total energy associated
with both  particles. Count rates were low, resulting in
no contamination from random doubles events.
The -singles energy spectra for selected beam ener-
gies, observed at 166 from the natPb target, are shown in
Figs. 1(a)–1(c), as raw data (upper spectra) and with low
energy contaminant subtraction (thin line histograms).
Discrete peaks between 7 and 9 MeV in Fig. 1(a) result
from  decay of complete and incomplete fusion prod-
ucts. All spectra show a 3– 4 MeV wide peak at an energy
corresponding to the projectile velocity, superimposed on
a broader background, which remains after contaminant
subtraction. The subtraction hardly affects the spectra at
and above the energy of the beam-velocity peaks.
To compare the total breakup cross sections with those
for fusion, the angular distributions of the singles (after
contaminant subtraction) and doubles  particles were
extrapolated to more forward angles, guided by distorted-
wave Born approximation (DWBA) calculations [8]. The
yield forward of 70 contributed 20% to the total cross
section. The shapes of the angular distributions change
slowly with beam energy, giving confidence that cross
sections could be estimated where the data extended only
to 120. A 20% rather than 10% extrapolation uncertainty
was assigned to these points. Since breakup of 9Be results
in two  particles, the observed breakup cross sections
were obtained by summing the doubles and half the
-singles yields. At the highest energies, where fusion
starts to become significant (see Fig. 2), capture of one or
both of these  particles causes underestimation of the8 10 12 14 16 18 20 22
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FIG. 1. Energy spectra of singles  particles (left panels) and
corresponding  doubles (right), observed at 166, for the
indicated beam energies incident on the natPb target. The
predicted singles spectra resulting from the observed doubles
events, assuming 8Be g.s. decay, are shown by the thick line
histograms in the left panels, and the spectrum after subtrac-
tion of this component is labeled 8Be g.s. subtracted.
272701-2actual breakup occurring. The extracted breakup cross
sections are shown in Fig. 2, together with the measured
incomplete fusion and the measured and calculated com-
plete fusion cross sections [3]. The deficit of the measured
complete fusion over that calculated is clearly seen.
Although the sub-barrier breakup cross sections are
very large, not all the breakup observed can influence
the reaction processes at the fusion barrier. This is be-
cause the breakup consists of two components: (i) prompt
projectile breakup, and (ii) long-lived 8Be g.s. decay,
following transfer or excitation of 9Be. The 8Be g.s. life-
time of ’ 1016 s allows the interaction with the target
nucleus to take place long before the 8Be breaks up. Thus,
only prompt breakup can play a role in the suppression of
complete fusion, making it essential to separate it from
the long-lived component.
Information on the 8Be g.s. component can be obtained
from the -doubles events. The energy spectra of detected
8Be events from natPb at 166 are shown in Figs. 1(d)–
1(f). The spectra from 208Pb showed similar features and
yields, though with poorer statistics. Each spectrum
shows two features, a group of peaks at the high kinetic
energies (brackets) separated from a lower energy com-
ponent (dashed brackets) by a marked dip. The high
energy peaks are attributed to neutron stripping [7] to
states in Pb, followed by decay of 8Be. The bulk of this
yield has Q values between 2:0 and 0:5 MeV. A con-
tribution from transfer in the lower energy component
cannot be excluded, but it will be shown to be consistent
with projectile excitation, followed by breakup. The
most important questions are the following: (i) Are these
doubles events due to decay of the 8Be ground state (thus
being incapable of suppressing fusion)? (ii) More impor-
tantly, do they exhaust the singles -particle yields?
To answer these questions, a Monte Carlo simulation
was made, not only of the doubles detection efficiency but25 30 35 40 45 50 55 60
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FIG. 2. The estimated total breakup cross sections from this
work are shown by the filled points. The measured cross
sections for complete and incomplete fusion, and the calculated
fusion without breakup, are from Ref. [3]. The arrow marks the
measured average fusion barrier energy.
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FIG. 3. Ratio of measured to Rutherford differential cross
sections as a function of the distance of closest approach on
a Coulomb trajectory Rmin, for each process. The full lines are
exponential fits to the experimental data. The grey diamonds
represent the calculated yield for Coulomb excitation to the first
two excited states of 9Be, scaled up by a factor of 2 (see text).
The dashed line shows the calculated slope for E2 Coulomb
excitation.
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8Be ground-state decay, the Q value is only 0.092 MeV,
and thus the two  particles lie inside a narrow cone
(half-angle ’ 6). The probability of detecting both these
alphas is calculated to be 20 times greater than those
from prompt breakup, which have a larger relative kinetic
energy, and thus wider cone angle. The -singles energy
spectra for the two processes are also very different. For
8Be with kinetic energy E in the laboratory frame, iso-
tropic breakup with -particle total kinetic energy T in
the 8Be rest frame results in a flat-topped singles –
energy spectrum, centered at 	E T
=2, with maximum
width 2

ET
p
. Decay from the 8Be ground state (T 
0:092 MeV) for E  28 MeV gives a peak width of
3.2 MeV— similar to the peak widths observed. For
prompt breakup, taking T  1 MeV, the width is
11 MeV. Thus, a narrow peak in the -singles energy
spectrum corresponding to the beam velocity is charac-
teristic of 8Be g.s. decay.
Assuming that the doubles events resulted exclu-
sively from 8Be g.s. decay, the distribution of energies E
of the -doubles events [Figs. 1(d)–1(f)] were fed into the
Monte Carlo code to predict the corresponding -singles
energy spectra for each beam energy and detector angle.
These are represented in Figs. 1(a)–1(c) by the thick line
histograms, which reproduce the beam-velocity peaks.
Thus the observed -doubles events are indeed from 8Be
g.s. decay, as is the beam-velocity peak in each singles
energy spectrum. This large component, resulting from
transfer and inelastic reactions, has significant implica-
tions for systematic studies [9] of breakup cross sections.
After subtracting the 8Be g.s. component, the -singles
energy spectrum remaining is much broader than the 8Be
g.s. component, and hence must be associated with decays
having a higher  kinetic energy and Q value. A much
shorter lifetime can be expected, and this prompt breakup
component may well be responsible for the suppression of
complete fusion at above-barrier energies.
To investigate this, the breakup probabilities for each
mechanism were determined from the ratios of the mea-
sured differential cross sections to those for Rutherford
scattering at each energy and angle. Those for 8Be g.s.
decay resulting from neutron stripping reactions and
projectile excitation were determined from the high and
low energy components, respectively, in the -doubles
spectra (see Fig. 1). These were corrected for the calcu-
lated doubles detection efficiency. The differential cross
sections for prompt breakup, identified with the broad
peak in the subtracted singles -particle energy spec-
trum, were obtained by summing the counts from the
peak position upwards [see Fig. 1(c)]. This avoids uncer-
tainties due to subtraction of the low energy contaminant
alphas, and taking only half the spectrum accounts for
the production of two particles in breakup. The breakup
probabilities are shown in Fig. 3 as a function of the
distance of closest approach (Rmin) of the nuclei on272701-3Coulomb trajectories. Error bars indicated are statistical
only, and an additional 10% uncertainty is estimated for
the prompt breakup, because of the subtraction of the 8Be
g.s. decay components. The full lines are least-squares
exponential fits to the data, omitting those points at the
smallest Rmin values, where fusion depletes the yields.
The probabilities for neutron transfer from 9Be leading
to the 8Be g.s., shown in Fig. 3 by the outlined circles,
exhibit a steep exponential rise asRmin decreases. The 8Be
g.s. component assigned to inelastic projectile excitation
(outlined diamonds) has a much shallower slope. A cal-
culation of Coulomb excitation reproduces the slope. This
included E1 excitation to the 1.684 MeV 1=2 state in 9Be,
which decays to the 8Be g.s. with essentially 100% proba-
bility, and excitation to the 2.429 MeV 5=2 state, which
has a 6% branch to the 8Be g.s. Taking the BE1	"
 value to
be 0:053e2 fm2 [10,11], the calculation required multi-
plication by a factor of 2 (grey diamonds) to reproduce
the absolute probabilities. This may be due to E1 excita-
tion to other states which decay to the g.s. of 8Be (E2
excitation depends too strongly on Rmin to explain the
data, as shown by the dashed line).
The dependence of the prompt breakup probability on
Rmin is shown by the filled circles. The scatter of these272701-3
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This indicates that although the  particles are more
perturbed from the 9Be trajectories by prompt breakup,
typically by 10, this is not sufficient to significantly
scatter the deduced probabilities. The nature of the exci-
tation process leading to prompt breakup can be investi-
gated through the dependence of the probability on Rmin.
The trend of calculations of E2 Coulomb excitation, nor-
malized to the measured prompt breakup point at the
largest Rmin, is indicated by the dashed line. The prompt
breakup probabilities vary much more rapidly with Rmin
than this, and also more rapidly than the measured prob-
abilities of neutron transfer to the 8Be g.s. This suggests
that prompt breakup is not associated with Coulomb
excitation or neutron transfer, but appears to be predomi-
nantly associated with a nuclear process occurring close
to the surface of the target nucleus.
Are the prompt breakup probabilities large enough to
explain the observed suppression of complete fusion at
above-barrier energies? This method of presenting the
data allows a model-independent estimate of the prompt
breakup probability at the fusion barrier radius. Extrapo-
lating to the zero angular momentum (l  0) fusion
barrier radius (11.64 fm [3]), the probability of breakup
is 0.36. The measured fusion suppression implies an in-
complete fusion probability of 0:32 0:07. The latter
was, however, determined at beam energies above the
average fusion barrier, where higher partial waves con-
tribute. At l  30, for example (an angular momentum
value which should have led to fusion at the higher ener-
gies in Fig. 2), the fusion barrier radius decreases by
0.5 fm, and the extrapolated prompt breakup probability
increases to 0.58. Breakup need not necessarily result in
incomplete fusion, as both breakup fragments could be
captured. It is thus necessary that the breakup probability
be larger than the incomplete fusion probability, which
seems to be the case. Although the subsequent motion and
possible fusion of one or both of the breakup fragments
needs to be modeled, the prompt breakup probability
appears to be large enough to qualitatively explain the
suppression of complete fusion found in the 9Be 208Pb
reaction. The strong dependence on the distance of closest
approach suggests that prompt breakup results largely
from a process close to the nuclear surface, and not the
long-range Coulomb interaction.
What is the implication of this conclusion for the
controversial topic [12] of fusion suppression in reactions
of weakly bound nuclei with light target nuclei? In a
simple picture, the breakup probability may be taken to
be proportional to the gradient of the nuclear potential
(V 0N) multiplied by a factor f	rs
 which is dependent on
the surface-to-surface separation rs. The fit to the data
gives f	rs
 / exp	0:924rs
. Assuming that this is not272701-4target specific, and that the probability of capture of both
breakup fragments is the same for all target nuclei, the
incomplete fusion probability of 0:32 0:07 for Pb can be
scaled to predict the incomplete fusion probability PICF
for any target:
PICF  0:32VN0=VPbN0  exp	0:924rs  rPbs 
: (1)
Here all quantities are evaluated at the appropriate fusion
barrier radius. The Akyu¨z-Winther nuclear potential [13]
was used to calculate both V 0N and rs, resulting in PICF
scaling almost linearly with the charge of the target
nucleus, at the same fraction of the fusion barrier energy.
For 9Be 64Zn, PICF is predicted to be 0:13 0:03, and
for 9Be 19F only 0:037 0:008. These are consistent
with recent measurements [12,14,15] showing no fusion
suppression, within 10% uncertainties, at energies
above the fusion barrier.
From sub-barrier measurements of breakup in 9Be
Pb reactions, it has been shown that prompt breakup
appears to be associated with nuclear surface interac-
tions, and may occur with high enough probability to
explain the large suppression of complete fusion observed
at above-barrier energies. The suppression factor for 9Be
reactions is predicted to be almost proportional to the
charge of the target nucleus, making it most significant in
reactions with heavy nuclei.
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